Previous studies have indicated that the primary targets for vasopressin actions on the injured brain are the cerebrovascular endothelium and astrocytes, and that vasopressin amplifies the posttraumatic production of proinflammatory mediators. Here, the controlled cortical impact model of traumatic brain injury in rats was used to identify the sources of vasopressin in the injured brain. Injury increased vasopressin synthesis in the hypothalamus and cerebral cortex adjacent to the posttraumatic lesion. In the cortex, vasopressin was predominantly produced by activated microglia/macrophages, and, to a lesser extent, by the cerebrovascular endothelium. These data further support the pathophysiological role of vasopressin in brain injury.
Introduction
It has been well documented that pathophysiological stimuli, such as hyperosmolality or hemorrhage, which cause a substantial increase in the levels of arginine vasopressin (AVP) in peripheral circulation, also bring about a significant increase in the concentration of AVP in the cerebrospinal fluid (CSF). Although the saturable transport of AVP across the blood-brain barrier (BBB) and blood-CSF barrier has been described previously (Zlokovic et al, 1990 (Zlokovic et al, , 1991 , the K m values for this transport are high compared with the concentrations of AVP observed in the plasma, suggesting that AVP found in the CSF does not originate from peripheral circulation, but is synthesized centrally and released into the CSF. The paraventricular and supraoptic hypothalamic nuclei, which send long axonal processes to the posterior pituitary, are the major sources of circulating AVP (Sofroniew, 1983) . However, AVPproducing neurons have also been found in other brain areas located both within the hypothalamus and in a number of extrahypothalamic brain regions. Arginine vasopressin-containing axonal processes have been traced from the paraventricular hypothalamic nucleus to the lateral cerebral ventricle (Buijs et al, 1978) , suggesting that they may release AVP into the CSF. Our previous studies have shown that the epithelium of the choroid plexus, the CSFsecreting tissue located in all four cerebral ventricles, can also produce AVP (Chodobski et al, 1997) . More recently, we have shown that during chronic hyperosmotic stress, the choroidal synthesis of AVP is upregulated in a manner similar to that observed in the hypothalamic paraventricular and supraoptic nuclei (Szmydynger-Chodobska et al, 2006) .
Increased levels of AVP in the plasma and CSF have been reported in patients with ischemic stroke and traumatic brain injury (TBI) (Sørensen et al, 1985; Barreca et al, 2001; Xu et al, 2007) . These clinical observations are consistent with the results obtained from animal studies, in which AVP was shown to promote disruption of the BBB, exacerbate cerebral edema, and augment the loss of neural tissue in various forms of brain injury (e.g., Vakili et al, 2005; Szmydynger-Chodobska et al, 2010) . Brain injury has also been shown to result in a substantial increase in the expression of the V 1a receptor (AVPR1A) on cortical astrocytes and on the cerebrovascular endothelium (Szmydynger-Chodobska et al, 2004) , suggesting that these two types of parenchymal cells are the primary targets for AVP in the injured brain. Whereas it is presently not known whether the AVPR1A is expressed on the luminal and/or abluminal surface of the brain endothelium, the astrocytic AVPR1As are clearly located behind the BBB. Brain injury is associated with disruption of the BBB, but an increase in the permeability of the BBB observed after TBI is transient and, therefore, the extent to which blood-borne AVP would be able to access its receptors expressed on brain parenchymal cells is uncertain. This raises the important question as to whether AVP could be produced in the injured brain parenchyma. Accordingly, the aim of this study was to test the hypothesis that, in the controlled cortical impact model of TBI, injury is not only accompanied by an increased production of AVP in the hypothalamus but also results in the upregulation of AVP synthesis locally in the traumatized cortex.
Materials and methods

The Rat Model of Traumatic Brain Injury
Adult male Long-Evans rats weighing 250 to 350 g (Harlan, Indianapolis, IN, USA) were used. The controlled cortical impact model of TBI was used as described previously (Szmydynger-Chodobska et al, 2010) . The surgical procedures were in accordance with the guidelines of the Animal Care and Use Committee of Rhode Island Hospital.
Real-Time Reverse-Transcriptase PCR
Real-time reverse-transcriptase-PCR was performed as described previously (Szmydynger-Chodobska et al, 2010) . Cyclophilin A was used for the normalization of the data obtained. The following primers and TaqMan probes were used: 5 0 -CCGAGTGTCGAGAGGGTTT-3 0 (forward primer for AVP), 5 0 -CAGAATCCACGGACTCTTGTG-3 0 (reverse primer for AVP), 5 0 -CGGGAGCAGAGCAACGC CA-3 0 (probe for AVP), 5 0 -GGTGAAAGAAGGCATGAGC A-3 0 (forward primer for cyclophilin A), 5 0 -GCTACAGAAG GAATGGTTTGATG-3 0 (reverse primer for cyclophilin A), and 5 0 -TTTGGGTCCAGGAATGGCAAGAC-3 0 (probe for cyclophilin A). The predicted sizes of PCR products were 135 and 152 bp for AVP and cyclophilin A, respectively. The 50-mL PCR reaction mixtures contained 0.2 mmol/L mixed dNTPs, 0.2 mmol/L each primer, 0.1 mmol/L TaqMan probe, 5 mmol/L MgCl 2 , 2 Units (AVP) or 1 Unit (cyclophilin A) of HotStart Taq DNA polymerase (Qiagen, Valencia, CA, USA), and 1/20 (cerebral cortex) or 1/200 (hypothalamus) of the reverse transcription reaction product. For cyclophilin A, 1/2,000 of the reverse transcription reaction product was used. The reaction mixtures were heated to 951C for 15 minutes and were then subjected to 45 cycles of denaturation (15 seconds) at 961C (AVP) or 941C (cyclophilin A), and annealing/extension (601C, 45 seconds).
Immunohistochemistry
Immunohistochemical procedures were performed as described previously (Szmydynger-Chodobska et al, 2010) . The following primary antibodies were used: rabbit polyclonal anti-AVP antibody (diluted 1:2,000) from ImmunoStar (Hudson, WI, USA) and mouse monoclonal anti-rat CD11b (clone MRC OX-42; 1 mg/mL) and anti-RECA-1 (clone HIS52; 5 mg/mL) antibodies from Serotec (Oxford, UK).
Statistical Analysis
For statistical evaluation of data, ANOVA (analysis of variance) was used, followed by the Newman-Keuls test for multiple comparisons among means. The results are presented as mean values ± s.e.m. P < 0.05 was considered statistically significant.
Results
Posttraumatic Increase in Arginine Vasopressin mRNA in the Injured Cortex and Hypothalamus
Changes in AVP expression in the cerebral cortex adjacent to the posttraumatic lesion were analyzed using real-time reverse transcriptase-PCR. This analysis showed a gradual increase in AVP mRNA, which attained statistical significance at 4 hours after TBI and peaked at 6 hours after injury ( Figure 1A ). This increase in cortical synthesis of AVP was transient, and at 2 days after TBI, the level of AVP mRNA in the ipsilateral cortex was not significantly different from that found in the contralateral cortex or the cortex from sham-injured rats. No changes in AVP synthesis in the contralateral cortex or the cortex from sham-injured animals were observed after injury.
In addition, we observed a rapid (within 2 hours after TBI) upregulation of hypothalamic synthesis of AVP in response to injury ( Figure 1B) . The magnitude of this increase in AVP mRNA was similar to that observed in chronic hypernatremia ( Figure 1C ). The level of hypothalamic AVP mRNA decreased abruptly at 1 day after injury, and at 2 days after TBI, it was significantly lower than that found in shaminjured rats. No changes in hypothalamic AVP synthesis in sham-injured animals were observed after TBI.
Immunohistochemical Identification of Parenchymal Cells Producing Arginine Vasopressin in the Injured Cortex
The immunohistochemical analysis showed that in the injured cortex, AVP is predominantly synthesized by activated microglia/macrophages, with many of these AVP-immunopositive cells being intimately associated with cortical microvessels (Figure 2A) . The AVP-producing microglia were characterized by rounded cell bodies and thick processes typical of activated microglia. The processes of these microglial cells were frequently found to make a close contact with cortical microvessels ( Figure 2C ). Vasopressin was also expressed by amoeboid microglia and/or perivascular macrophages ( Figure 2D ). The identity of these AVPproducing cells was confirmed by double immunostaining for AVP and CD11b, a marker for microglia/ macrophages ( Figure 2E ). In addition, AVP was found to be synthesized by the cerebrovascular endothelium ( Figure 2F ), but the number of cortical microvessels that were immunoreactive for AVP was smaller than that of AVP-expressing microglia/ macrophages. In the injured cortex, the AVP-positive microglia/macrophages were already detectable at 6 hours after TBI. The maximum level of AVP expression was observed at 1 day after TBI and the number of AVP-positive cells decreased substantially at 2 days after TBI. Vasopressin was not expressed in the contralateral cortex ( Figure 2B ). In addition to the injured cortex, the AVP-immunoreactive microglia/ macrophages were localized to the corpus callosum, hippocampal CA1 region, and fimbria hippocampi ( Figure 2H ).
Discussion
Traumatic or ischemic brain injury has previously been reported to be accompanied by elevated concentrations of AVP in the plasma (Barreca et al, 2001; Xu et al, 2007) . Consistent with these clinical findings, we showed that TBI results in a significant upregulation of hypothalamic synthesis of AVP. Similarly, the increased expression of AVP in the hypothalamic paraventricular and supraoptic nuclei was found in a rodent model of cerebral ischemia (Liu et al, 2000) . An increase in the hypothalamic expression of AVP observed after TBI was comparable with that found in response to chronic hypernatremia, a strong pathophysiological stimulus upregulating the hypothalamic synthesis of AVP (Szmydynger-Chodobska et al, 2006) .
A new and important finding of this study was an increase in AVP production observed in the cerebral cortex adjacent to the posttraumatic lesion and in other brain areas affected by impact, including the ipsilateral corpus callosum and hippocampus. In the cerebral cortex, only single isolated axonal processes containing AVP have been identified (Sofroniew, 1983) , and our immunohistochemical analysis indicated that the major source of AVP in the injured cortex are activated microglia/macrophages. Morphologically, microglia respond to injury by retracting their processes and rounding their cell bodies, but the differentiation of activated microglia from macrophages may be difficult because these two types of cells tend to express similar markers. Interestingly, many of these AVP-expressing microglia/macrophages were found to be intimately associated with cortical microvessels. This anatomic localization of AVP-producing cells may have an important role in AVP-dependent amplification of posttraumatic synthesis of proinflammatory mediators by the brain endothelium and astrocytes (Szmydynger-Chodobska et al, 2010) .
In the injured cortex, AVP was also found to be produced by the cerebrovascular endothelium, but the number of cortical microvessels that positively stained for AVP was noticeably smaller than that of microglia/macrophages which expressed AVP. These observations are in line with previous electron microscopy studies, in which AVP was shown to be (C) Induction of hypothalamic synthesis of AVP in response to chronic hypernatremia (n = 4 per group). Chronic hypernatremia was produced using the standard salt-loading protocol in which the rats were given 2% NaCl solution as the only fluid to drink. The control group obtained water. It must be noted that the magnitude of increase in hypothalamic synthesis of AVP in response to injury was similar to that observed in chronic hypernatremia. **P < 0.01 for the ipsilateral versus contralateral cortex. w P < 0.05, ww P < 0.01 for the ipsilateral cortex/ hypothalamus versus sham or control. AVP, arginine vasopressin; d, day; h, hour; RT-PCR, reverse transcriptase PCR; TBI, traumatic brain injury.
produced by the endothelium of large cerebral arteries (Loesch et al, 1993) .
The molecular mechanisms underlying the upregulation of AVP expression in the injured brain are presently unclear, but it is possible that the presence of activating protein 1-responsive element in the promoter region of the AVP gene (Yoshida et al, 2006) has a role in this increase in AVP synthesis. Consistent with this idea, we have previously shown that TBI results in the activation (phosphorylation) of the transcription factors, c-Jun and ATF2, the components of activating protein-1, and their upstream kinase, c-Jun N-terminal kinase (Szmydynger-Chodobska et al, 2010) .
In summary, we showed that TBI results in a significant increase in AVP synthesis in the hypothalamus and cerebral cortex adjacent to the posttraumatic lesion. In the injured cortex, AVP was predominantly produced by activated microglia/ macrophages, many of which were closely associated with cortical microvessels. Vasopressin was also produced by the cerebrovascular endothelium, but the number of cortical microvessels found to be immunoreactive for AVP was smaller than that of AVP-expressing microglia/macrophages. These results provide further supporting evidence for the pathophysiological role of vasopressin in brain injury.
Figure 2
Immunohistochemical localization of AVP-expressing cells in the injured cortex at 1 day after TBI. Confocal microscopy images are shown. (A) Double immunostaining of the ipsilateral cortex with anti-AVP antibody and an antibody to RECA-1, a marker for the vascular endothelium. It must be noted that many AVP-positive microglia/macrophages are located close to cortical microvessels (arrows). (B) Double immunostaining of the contralateral cortex with anti-AVP and anti-RECA-1 antibodies. (C) A highmagnification microphotograph of two AVP-positive microglia (arrows) closely associated with a cortical microvessel. The nuclei are stained with DAPI. (D) An AVP-positive perivascular macrophage surrounding a cortical microvessel (arrow). (E) Double immunostaining for AVP and CD11b, a marker for microglia/macrophages, confirms that these parenchymal cells produce AVP. The microglial processes are marked with arrows. (F) The AVP-immunoreactive product associated with the cerebrovascular endothelium. (G) Negative control staining for AVP. In these experiments, the brain sections were incubated with anti-AVP antibody that had been preabsorbed overnight with synthetic AVP at 100 mg/mL. The ipsilateral cortex is shown. Bars: panels A, B, and G, 25 mm; panels C-F, 5 mm. (H) Schematic representation of localization of AVP-positive cells in the injured brain.; AVP, arginine vasopressin; CC, corpus callosum; CL, cortical lesion; FH, fimbria hippocampi; LV, lateral ventricle; RT-PCR, reverse transcriptase PCR; TBI, traumatic brain injury; 3rdV, 3rd ventricle.
